The present invention relates generally to biochemi cal sensors used to measure the concentration of a spe cific chemical dissolved within a fluid, and more partic ularly, to a biochemical sensor formed by thin film microelectronic fabrication techniques in order to pro vide a thermopile used to generate a voltage signal representative of the concentration of a chemical dis solved within a fluid.
Description of the Prior Art
There has been a well recognized need in the medical field for a sensor capable of being implanted in a human body for providing a continuous indication of the con centration of glucose in the bloodstream. Implantable drug dispensers have been developed to dispense insulin into the bloodstream of persons having diabetes in order to simulate the manner in which the pancreas functions in a non-diabetic. Widespread application of such insu lin dispensing devices has largely been frustrated due to the unavailability of an implantable sensor capable of monitoring glucose levels for controlling the rate at which the insulin is dispensed into the bloodstream. Publications stressing the need for the development of such an implantable glucose sensor include Albisser and Spencer, "Electronics and the Diabetic," IEEE Trans actions on Biomedical Engineering, Vol. BME-29, No. 4, April 1982; Wall Street Journal, "Medtronic Re searchers Try Hard to Develop In-Body Drug De vice ', Apr. 12, 1983 and Diabetes Care, Vol. 5, No. 3, May-June 1982 , "Symposium on Potentially Implant able Glucose Sensors'. While the need for an implant able sensor of the type capable of measuring glucose levels has perhaps received the most attention, there are many other drugs besides insulin which might be benefi cially dispensed with an automatic dispenser and which require sensors responsive to chemicals other than glu cose in order to control the rate at which such drugs are dispensed. There is also a need to continuously measure the concentration of many chemicals in the body inde pendent of their control.
Various types of enzyme probes are known in the art for the purpose of measuring the concentration of glu cose or other chemicals dissolved within a solution. For example, Guilbault has recently reviewed a large num ber of articles describing this type of probe; see Guil bault, G. C., "Future of Biomembrane Probes,' Theory, Design and Biomedical Applications of Solid State Chemi cal Sensors, pp. 193-204, CRC Press, 1978 . Enzyme probes of this type have been used to measure glucose. In "Problems in Adapting a Glucose-Oxidase Electro chemical Sensor into an Implantable Glucose-Sensing Device, ' Diabetes Care, Vol. 5, No. 3, May-June 1982, the author describes a type of glucose electrode wherein the enzyme glucose oxidase is immobilized upon a polarographic electrode in order to chemically react glucose which contacts the electrode. A polaro graphic electrode is typically made from a noble metal wire and is biased with an electrical voltage for causing an electrochemical reduction reaction. The enzyme glucose oxidase facilitates the oxidation of glucose into gluconic acid and hydrogen peroxide and consumes oxygen in the process. The disappearance of oxygen, or the appearance of hydrogen peroxide, is measured using a standard polarographic electrode and is proportional to the amount of glucose consumed. Such a glucose electrode has not been successfully implanted for long periods because polarographic measurements are very unstable.
An alternate method of measuring glucose concentra tions is to measure the heat evolved by the glucose oxidase enzymatic reaction, as described in U.S. Pat. No. 3, 878, 049, issued to Tannenbaum, et al. This patent discloses a biochemical temperature sensing analyzer including an uncoated reference thermistor and a sec ond thermistor coated with an enzyme, such as glucose oxidase. The patent specification states that the temper ature sensing elements may be thermistors, thermocou ples, or pyroelectric devices for generating an electrical signal proportional to the difference in temperature between the enzyme-coated and non-enzyme coated temperature sensing elements. However, the disclosed apparatus includes a mechanism for continuously stir ring the reactant-containing liquid, as well as a constant temperature bath into which a container housing the reactant-containing liquid is immersed. Although Tan nenbaum refers to this device as a thermal enzyme probe, it is not a "probe' in the classical sense, but rather a benchtop chemical analyzer. Given such limita tions, it is clear that such an apparatus is not suitable for being implanted within a human body. U.S. Pat. No. 3,972,681, issued to Clack et al., dis closes a flow-through type thermal detector including a pair of parallel fluid flow paths; one of these paths in cludes a reactor column wherein an enzyme is immobi lized on the surface of small glass beads packed in the column. Similarly, U.S. Pat. No. 4,021,307, issued to Mosbach, discloses a heat sensor disposed within a flow path wherein an enzyme is immobilized within a packed column of glass beads. For obvious reasons, such flow through systems do not lend themselves to the produc tion of an implantable thermal enzyme electrode.
The patents mentioned above typically suggest the usage of one or more thermistors with a benchtop appa ratus for sensing the temperature change caused by a chemical reaction. The practical application of such apparatus has been hampered because they employ thermistors; since thermistors are resistive devices, tem perature sensing is performed by conducting a current therethrough and measuring the voltage thereacross. However, the passage of current through the thermistor dissipates power therein and gives rise to self-heating within the thermistor; such self-heating adds an offset to the temperature differential induced solely by the chem ical reaction of the glucose or other dissoved chemical. Further, any fluid flow or movement of the thermistor within the fluid will result in a change of the tempera ture of the thermistor due to variable amounts of heat dissipation. Moreover, the application of current and /or voltage to such thermistors may be regarded as undesirable, particularly for a sensor which is to be implanted within a human body; excitation voltages establish electric fields which are believed to attract proteins and which may activate blood clotting. Fi nally, thermistors are difficult to match and are subject to drifting whereby two thermistors which may be matched to one another at a given ambient temperature nonetheless become mismatched at a different ambient temperature, thus giving rise to the need for constant temperature baths and/or preheating mechanisms 4,935,345 3 within the abovementioned prior art sensors. Some of these problems have been discussed in a recent paper by Fulton, Cooney and Weaver, "Thermal Enzyme Probe with Differential Temperature Measurements in a Lam inar Flow-Through Cell', Analytical Chemistry, Vol. 52, No. 3, March 1980, pp. 505-508. Yet another problem which has been encountered with prior art thermal enzyme probes of the type which employ both enzyme coated and non-enzyme coated probes is that, even in a well stirred solution, thermal eddies exist which can give rise to an apparent tempera ture differential between the enzyme-coated and non enzyme coated probes irrespective of the concentration Accordingly, it is an object of the present invention to provide a chemical transducer for biomedical appli cations and capable of being implanted within the human body for sensing chemical concentrations in body fluids.
It is another object of the present invention to pro vide such a chemical transducer adapted to detect con centrations of glucose in the bloodstream by measuring the heat of reaction associated with the enzymatic chemical decomposition of glucose using glucose specific enzymes.
It is another object of the present invention to pro vide such a chemical transducer wherein living plant or bacteria cells, or parts thereof, are used to metabolize a chemical under test, and wherein the transducer mea sures the heat of metabolism associated therewith.
It is still another object of the present invention to provide such a chemical transducer which is highly sensitive while being relatively compact and disposable.
It is yet another object of the present invention to provide such a chemical transducer which is relatively convenient and inexpensive to manufacture and which may be fabricated using conventional integrated circuit thin-film metal deposition and microlithography tech niques.
A further object of the present invention is to provide A still further object of the present invention is to provide such a sensor capable of sensing a temperature differential within a solution under test and exhibiting high common mode rejection with respect to back ground ambient temperatures of the solution, thereby avoiding drifting/mismatch problems encountered with differential thermistor sensing, and avoiding the need for constant temperature water baths.
Another object of the present invention is to provide such a sensor adapted to differentially sense tempera ture between two physical points within the fluid under test and wherein the distance between such two physi cal points is kept to a minimum to negate the effects of thermal eddies within the fluid under test.
Still another object of the present invention is to provide such a sensor which may be used as an inexpen sive and disposable in-vitro clinical analyzer for measur ing concentrations of a chemical dissolved in a fluid within a clinical laboratory while avoiding the need for controlled water baths, pre-heating mechanisms, and /or specialized flow paths for the solution under test.
These and other objects of the present invention will become more apparent to those skilled in the art as the description thereof proceeds.
SUMMARY OF THE INVENTION
Briefly described, and in accordance with one em bodiment thereof, the present invention relates to an apparatus and a method for determining the concentra tion of a chemical, such as glucose, dissolved within a fluid, such as human blood, wherein at least one pair, and preferably a plurality of pairs of microelectronic devices are formed upon a supporting substrate using photolithographic techniques. The microelectronic de vices may be, for example, thermocouple junctions interconnected to form a thin film thermopile produc ing a voltage having a temperature dependent magni tude. The thin film thermopile is formed upon a sup porting substrate using conventional integrated circuit, thin film metal deposition techniques. The thermopile includes a number of pairs of thermocouple junctions coupled in series connection with one another, each such pair including a reference junction and a sensing junction coupled in series connection with and spaced apart from one another. The thermopile is electrically insulated from fluids into which it is to be immersed by a thin passivation layer formed upon the substrate. A relatively thin film of an immobilized reaction-inducing substance, such as an enzyme or other catalyst, microor ganism, or organelle, is then applied proximate to the sensing junctions for initiating a chemical or metabolic reaction of the particular chemical within the fluid for which the concentration is to be determined.
The above-mentioned reaction-inducing substance is either not disposed proximate to the reference junctions or is rendered inactive proximate thereto so that the aforementioned reaction is not initiated in the vicinity of the reference junctions. The heat of reaction, or heat of metabolism, resulting from the reaction initiated in the vicinity of the sensing junctions creates a temperature differential as between the sensing junctions and the reference junctions which induces a differential voltage thereacross. Appropriate lead wires are connected to the terminals of the thermopile for providing the volt age difference signal to an amplifier and measuring circuit for measuring the magnitude of the differential The distance by which the sensing junctions and reference junctions are spaced apart from one another is preferably as small as possible in order to minimize the effects of thermal eddies within the solution. To further minimize the effects of such thermal eddies, half of the reference junctions are preferably disposed on each of opposing sides of the grouping of sensing junctions for insuring that the average ambient temperature to which the reference junctions are exposed approximates the ambient temperature to which the sensing junctions are exposed.
The present invention further contemplates the im plantation of the sensor described above within the body of a human to measure the concentration of partic ular chemicals within body fluids, such as the concen tration of glucose within the bloodstream. One such thermocouple junction may actually be formed via a lead wire bonded to one of the pads form ing terminals 13 and 34.
Within the prototype sensor device shown in FIGS. 50 1A-1E, 27 pairs of such thermocouple junctions are provided. The right most thermocouple junction of each such pair may be regarded as a sensing junction, while the left most thermocouple junction of each such pair may be regarded as a reference junction, as will be more clearly understood from the description of FIG.
1C below. As shown in FIG. 1B , the reference junc tions and sensing junctions are spaced apart from one another. Within the prototype sensor which was con structed, the distance by which such sensing and refer ence junctions were spaced apart was approximately 0.25 inch, although this distance may advantageously be made smaller to minimize the effects of thermal eddies upon the sensor, as is described more fully below. The plurality of thermocouple junctions thus formed may be referred to as a thermopile.
The differential electrical potential created by the sensing and reference junctions within each pair of tial temperature is created between the sensing and reference junctions for causing a corresponding differ ential electrical potential to be provided across termi nals 13 and 34. Such a differential temperature may be created by localizing chemical or metabolic reactions which are either endothermic or exothermic in the vi cinity of the sensing junctions wherein the heat of reac tion (or heat of metabolism) associated with such chemi cal reactions (or metabolic reactions) either decreases or increases the temperature of the sensing junctions relative to the temperature of the reference junctions.
Such localized chemical reactions may be induced by applying a thin layer of a catalyst, such as an enzyme, above and/or proximate to the sensing junctions for initiating a particular chemical reaction in the vicinity thereof involving the chemical for which the concen tration is to be determined. Alternatively, locallized metabolic reactions may be induced in proximity to the sensingjunctions, as is described in greater detail below.
In order to produce a sensor of the type described above, the thermopile device shown in FIG. 1B is first passivated, i.e., physically and electrically insulated from the solution into which the sensor is to be im mersed. One such method of passivating the thermopile is to first coat the device shown in FIG. 1B with a thin film of photoresist (a light sensitive polymer membrane commonly used in the semiconductor industry for prac ticing photolithography) and subsequently depositing a thin film of silicon nitride thereabove. Other standard passivation techniques may also be used. Holes may be opened within the passivation layer above pads 13 and 34 to allow for the attachment of lead wires thereto.
Following application of the passivation layer as described above, a thin film of a catalyst or enzyme, designated by reference numeral 40 within FIG. 1C , is applied to substrate 10 overlying the sensing junctions but not overlying the reference junctions. With respect to the prototype device illustrated in FIGS. 1A-1E, enzyme coating 40 consists of an immobilized layer of the enzyme glucose oxidase.
In operation, the prototype device shown in FIGS. 1A-1E is immersed in a solution containing dissolved glucose. As is known to those skilled in the art, glucose oxidase triggers the chemical decomposition of glucose into gluconic acid and hydrogen peroxide and liberates heat in the process. Some of the liberated heat is con ducted through the immobilized enzyme layer and pas sivation layer to the sensing junctions, and some of the liberated heat is lost to the solution in which the sensor is immersed. The heat conducted to the sensing junc tions increases the temperature thereof relative to the temperature of the reference junctions, thereby creating a temperature differential. The temperature differential causes each pair of sensing and reference junctions to create a differential voltage proportional to the amount of heat liberated by the chemical reaction. Brown et al., Plenum, New York, 1978, Vol. 4, which publications are hereby incorporated by reference. fers between the first set 58 and second set 62 of refer ence junctions, the average temperature to which the reference junctions are exposed will closely approxi mate the ambient temperature of the solution in the vicinity of the sensing junctions 60 and 64.
The thin film thermopile shown in FIG. 5 must be protected before it is immersed in a conducting solution or implanted in a human body in order to prevent the metal traces within the thermopile from being shorted together. As mentioned above with regard to the proto type sensor shown in FIG. 1C , one such method for protecting the thermopile is to passivate the sensor in order to electrically insulate the thin film thermopile from the fluid surrounding the sensor. Among those materials which may be used to passivate and insulate the thin film thermopile formed upon silicon substrate 50 are various types of photoresist, thin films of depos ited silicon nitride, polyimide, parylene, glow discharge polymers, sputtered ceramic coatings, and combina tions of the foregoing types of films in multiple layers. Initial tests indicate that photoresist films successfully insulate the thin film thermopile for rather short periods of time. Preferably, parylene or polyimide is used to form the passivating membrane. The presence of such a passivating film between the thermocouple sensing junctions and the immobilized enzyme matrix does not significantly decrease the sensitivity of the sensor even if the passivating film is several microns thick.
Lead wires are preferably connected to output termi nal pads 52 and 54 prior to the application of the passiv ation layer. If such lead wires are coupled to amplifica tion circuitry external from the supporting substrate 50, then an epoxy coating is applied to such lead wires for electrical insulation. RF sputtering of a passivating agent, such as silicon nitride, may then be performed to passivate the thin film thermopile. In order to increase the water resistance of the sensor and to protect the relatively high impedance of the thermopile from the slow degrading effects of hydration which occur with most polymer coatings, multiple layers of thin film ce ramic material such as Ta2O5 and ZrO2 may be incorpo rated within the passivation layer.
As an alternative to bonding the lead wires to pads 52 and 54 before application of the passivation layers, the bonding of the lead wires may be deferred until after the application of the passivation layers and immobilized enzyme layer. In this event, the pads 52 and 54 are either masked so as to prevent the application of the passivation layer thereover, or the passivating mem brane is later etched away from the area overlying pads 52 and 54. Lead wires are then bonded to pads 52 and 54, and an insulating and sealing material such as epoxy, silicon rubber, or additional parylene is deposited in the vicinity of the pads and around the lead wires to insulate the same from the solution.
With reference to FIG. 5 An alternative method of applying the enzyme coat ing is to dissolve an excess of the particular enzyme in a polymeric carrier such as polyacrylamide, polyvinyl chloride, or silicone rubber and to apply the resulting material as a thin film over the sensing junctions of the thermopile using a hypodermic syringe.
Other methods of applying the reaction-inducing substance to the sensor may also be used. For example, the polymer containing the reaction-inducing substance may be applied to the substrate using the same silk screening techniques as are commonly used in the fabri cation of hybrid electronic circuits. Yet another method of applying the reaction-inducing substance to the sen sor employs carboimide coupling. In practicing this method, the substrate 50 is masked with a metal mask, and carbon is vacuum evaporated onto the substrate through the mask. The mask prevents the vacuum evap oration of carbon over areas adjacent the reference junctions. The mask is then removed, and the reaction inducing substance, such as the enzyme glucose oxidase, is carboimide coupled to the masked carbon film, whereas the glucose oxidase does not bond with the substrate in those areas where the carbon film is absent.
A reference which describes this method of covalently coupling to a thin layer carbon support is J. A. Osborn et al., "Use of Chemically Modified Activated Carbon as a Support for Immobilized Enzymes, ' Biotechnology and Bioengineering, Vol. XXIV, pp. 1653 -1669 , 1982 After encapsulating supporting substrate 150 within housing 159 in the manner described above, a reaction inducing substance 166, such as an enzyme, is immobi lized upon lower surface 153 of supporting substrate 150 over relatively thin portion 155 directly below the sens ing junctions of thermopile 157, as shown in FIGS. 7A and 7B. The heat of reaction (or heat of metabolism) resulting from the reactions induced by substance 166 is conducted through relatively thin portion 155 of sup porting substrate 150 to the sensing junctions of thermo pile 157, thereby inducing a temperature differential between the sensing junctions and reference junctions thereof. Because the supporting substrate 150 is rela tively thin in the region wherein the reaction-inducing substance 166 is applied, lateral heat transfer through supporting substrate 150 between the sensing and refer ence junctions of thermopile 157 is minimized. Further more, housing 159 isolates thermopile 157 from the solution in which the sensor is immersed or surrounded; air cavity 161 minimizes heat conduction from the upper surface 151 of supporting substrate 150, thereby allowing the sensing junctions of thermopile 157 to sense a greater temperature differential than might oth erwise be possible.
Those skilled in the art will appreciate that multiple sensors may be formed upon the same supporting sub strate to simultaneously sense the presence of a plurality Various applications may be made of the sensor de vice described above. Such a sensor may be used as a laboratory tool in the form of a dip probe for the routine measurement of glucose or other chemicals in a variety of test solutions. Because of the relatively low manufac turing cost and compact size of such sensors, such sen sors could be used once and disposed after each use. Such a sensor is also suitable for implantation in the human body, for example, to measure levels of glucose concentration in the bloodstream in order to regulate the release of insulin from an implanted infusion pump. Sensors of the type described above may also be se cured within the tip of a hollow needle or catheter for insertion within body tissue and body cavities, respec tively. The manner of securing such a sensor within a hollow needle or catheter, and the manner of routing wires from the sensor to amplication/measuring cir cuitry may be generally similar to that disclosed in U.S. FIG. 9 illustrates one method of introducing the above-described microelectronic biomedical sensor into a human body. As shown in FIG. 9 , a hollow needle or catheter 500 is provided, one end 502 of which is bev elled to enable insertion of the needle in body tissue and the like. Disposed in the needle lumen near bevelled end 502 is a microelectronic biomedical sensor 504 con structed as earlier described, for example, with respect to FIG. 5 with a selective catalyst coating such as the enzyme glucose oxidase to catalzyze the chemical reac tion of glucose in the bloodstream. Sensor 504 is mounted on a base 506 on which are deposited bonding pads 508 to which conducting wires 510 are coupled. Bonding wires 512 connect the conducting wires 510 to sensor 504. Sensor 504 and associated components are encapsulated in a solution-impervious material 514 hav ing an opening 516 for exposing the sensing and refer ence junctions of the thin film thermopile formed on sensor 504. The conductors 510 extend proximally in the lumen of needle 500 and in encapsulation material 514 to a point (not shown) where they would exit from the needle for coupling to some type of readout appara tus.
As mentioned above, a sensor of the type described herein may use the enzyme glucose oxidase to catalyze the chemical reaction of glucose. Such a sensor might also utilize the below-listed enzymes and any associated co-factors in order to detect and measure concentra tions of the corresponding chemicals listed below:
1. the enzyme hexokinase (and co-factor ATP) for detecting glucose concentrations; the enzyme glucose dehydrogenase (and co-factor NADP) for detecting glucose concentrations; 3. the enzyme cholesterol oxidase to measure concen trations of cholesterol; the enzyme lactase for measuring concentrations of lactose; 5. the enzyme urate oxidase for measuring concentra tions of uric acid; 6. the enzyme trypsin to measure concentrations of benzoyl-1-arginine ethyl ester; 7. the enzyme apyrase for measuring the enzymatic hydrolysis of ATP into AMP; and 2.
4. While the foregoing description refers to the use of the metals antimony and bismuth in order to form a thermopile for use in the biochemical sensor, other materials may be used to form the thermopile. Any two dissimilar materials which, when brought together at a junction, give rise to a thermoelectric potential, may be used. Such dissimilar materials may, for example, be semiconductors, metal alloys, or alloys of the chemical element tellurium. Methods for using such materials to form thermocouple junctions are well known in the art, as exemplified within "Thermoelectricity: Science And Engineering" by Robert R. Heikes et al., Interscience, New York, N.Y., 1961, Chapter 11, pages 339-387 , incorporated herein by reference.
While the presently preferred microelectronic de vices from which to construct the sensing and reference devices need to detect a differential temperature are series-coupled pairs of thermocouple junctions, those skilled in the art will appreciate that other microelec tronic devices which exhibit temperature dependent characteristics may also be used to construct a biochem ical sensor of the type herein described. For example, pairs of matched semiconductor diodes may be formed within the same substrate to provide sensing and refer ence devices for providing a differential voltage pro portional to the temperature difference therebetween. When multiple pairs of such diodes are used, the sensing diodes may be coupled in series with one another and the reference diodes may also be coupled in series with one another. The chain of forward-biased, series-cou pled sensing diodes are coupled at one end to a common terminal; similarly, the chain of forward-biased, series coupled reference diodes are coupled at one end to the common terminal. The opposite ends of the chains of sensing and reference diodes are coupled to first and second sensing terminals, respectively. Constant cur rent source circuitry either external to the biochemical sensor or incorporated within the same substrate pro vides two constant and equal currents through the two chains of diodes. The reaction-inducing substance is applied proximate to the sensing diodes but not proxi mate to the reference diodes. The differential tempera ture created between the sensing and reference diodes due to the presence of the chemical under test results in a differential voltage across the first and second sensing terminals proportional to the magnitude of the tempera ture differential, and hence, proportional to the concen tration of the chemical under test.
Those skilled in the art should now appreciate that a sensor capable of providing an electrical indication of the concentration of a chemical present within a fluid has now been described, which sensor may be used as both an inexpensive and disposable in vitro clinical analyzer gas well as an implantable chemical transducer for monitoring concentrations of chemicals, such as glucose, within the human body. The disclosed sensor i highly sensitive while inherently providing high com mon mode rejection of background fluid temperatures and avoids the need for external excitation voltages and/or currents. The relatively small dimensions of the disclosed sensor contribute toward the minimization of errors which could otherwise be introduced due to the presence of thermal eddies within the solution under test.
While the present invention has been described with regard to a preferred embodiment thereof, it should be 4,935,345 17 understood that the description is for illustrative pur poses only and is not to be construed as limiting the scope of the invention. Various modifications and changes may be made by those skilled in the art without departing from the true spirit and scope of the invention as defined by the appended claims. 
